A procedure is presented for calculating seepage t¾om a stream due to uptake of groundwater by vegetation or evaporation from soil in the floodplain. The calculation requires that the relation between evapotranspiration rate and water table depth be known. If these relations are available for a given floodplain before and after removal of phreatophytes, the reduction in seepage losses from the stream due to phreatophyte removal can be computed. To simplify the calculation process, the curves relating evapotranspiration rate and water table depth, which are generally sigmoid, can be approximated by step functions of the same area. Potential water savings by phreatophyte control are calculated for step functions that are representative of deep-rooted vegetation, shallow-rooted vegetation, and bare soil. In addition to the depth from which groundwater can be evaporated betbre and after phreatophyte removal the water savings are affected by the vertical distance between the water level in the stream and the floodplain. Often it is desirable to estimate the water saving by phreatophyte control without large investigations or test projects. Such estimates can be obtained if the relationships between evapotrans'piration rate fe and depth of the water table h are known for the floodplain before and after removal of the phreatophytes. Essentially horizontal and stable water tables unaffected by the particular fe-h relation in the floodplain can be expected for confined, relatively narrow valleys underlain by very permeable aquifers at small depth. The reduction in seepage losses from the stream can then be evaluated directly from the f,-h relations before and after remova 1 of the phreatophytes. Where these conditions do not occur, however, the water table slopes away from the stream channel, and the depth of the water table at any point depends on the particular f,-h relation. In that case, the water table after removal of phreatophytes will be higher than it was before, and f,-h relations alone cannot give reliable estimates of water savings in the stream. However, if seepage losses from a stream could be calculated for a given f,-h relation, the water saving could be evaluated as the difference between the calculated seepage rates for the fe-h relations before and after removal of the phreatophytes.
Predicting Reduction in Water Losses
A procedure is presented for calculating seepage t¾om a stream due to uptake of groundwater by vegetation or evaporation from soil in the floodplain. The calculation requires that the relation between evapotranspiration rate and water table depth be known. If these relations are available for a given floodplain before and after removal of phreatophytes, the reduction in seepage losses from the stream due to phreatophyte removal can be computed. To simplify the calculation process, the curves relating evapotranspiration rate and water table depth, which are generally sigmoid, can be approximated by step functions of the same area. Potential water savings by phreatophyte control are calculated for step functions that are representative of deep-rooted vegetation, shallow-rooted vegetation, and bare soil. In addition to the depth from which groundwater can be evaporated betbre and after phreatophyte removal the water savings are affected by the vertical distance between the water level in the stream and the floodplain.
Phreatophytes have been estimated to cover 6.4 million ha in the western United States and to consume about 30,000 million m a of water per year [Robinson, 1958] . At 100% Coverage, salt cedar used 2.2, cottonwood 1.8, baccharis 1.4, and mesquite 1.0 m of water per year in the lower Safford Valley of Arizona [Gatewood et al., 1950 ]. An extensive bibliography on phreatophytes has been prepared by Horton [1973] . Phreatophytes generally grow in floodplains, and they derive a significant part of their water needs from the groundwater. Where this groundwater is supplied by seepage from streams or canals in the floodplain, the water loss from these channels can be reduced by removing deep-rooted phreatophytes and replacing them with shallow-rooted vegetation or bare soil.
Two basic approaches have been used to estimate the reduction in water losses that can be obtained by phreatophyte control. One has been to grow phreatophytes in large containers (evapotranspirimeters) and to determine their water use as the amount of water that needs to be added to maintain the water [van Hylckama, 1970 [van Hylckama, , 1974 . The other approach is to measure the components of the water balance for a certain reach of a floodplain. The water used by the vegetation in the floodplain is then evaluated as the difference between the sum of all inflow components and the sum of all outflow components for the reach. If this is done before and after phreatophytes are removed, the reduction in water losses from the stream can be determined [Hanson et al., 1972] . Other techniques, such as evaluating the water use from groundwater levels or gradients, seepage measurements, or changes in the salt concentration of the groundwater have also been used [Gatewood et al., 1950] .
The evapotranspirimeter approach is limited because of the difficulty in transferring the data to an entire floodplain with mixed densities, ages, and species of plants [ van Hylckama, 1970] , particularly if the container is relatively small and has only one plant. Also it cannot be assumed that the amount of water used by phreatophytes in tanks will be the amount of water saved when the phreatophytes are removed from the floodplain because after removal the water A disadvantage of the water balance approach is that considerable time and effort are needed to measure or estimate the components of the water balance for a certain stream reach. Also the error in the evapotranspiration rate computed by the water balance method may be quite large because this error represents an accumulation of the errors in each component. It may be necessary to remove phreatophytes from a considerable area to affect the water balance measurably. Thus a rather involved phreatophyte control project may be required to determine how much water can be saved.
Often it is desirable to estimate the water saving by phreatophyte control without large investigations or test projects. Such estimates can be obtained if the relationships between evapotrans'piration rate fe and depth of the water table h are known for the floodplain before and after removal of the phreatophytes. Essentially horizontal and stable water tables unaffected by the particular fe-h relation in the floodplain can be expected for confined, relatively narrow valleys underlain by very permeable aquifers at small depth. The reduction in seepage losses from the stream can then be evaluated directly from the f,-h relations before and after remova 1 of the phreatophytes. Where these conditions do not occur, however, the water table slopes away from the stream channel, and the depth of the water table at any point depends on the particular f,-h relation. In that case, the water table after removal of phreatophytes will be higher than it was before, and f,-h relations alone cannot give reliable estimates of water savings in the stream. However, if seepage losses from a stream could be calculated for a given f,-h relation, the water saving could be evaluated as the difference between the calculated seepage rates for the fe-h relations before and after removal of the phreatophytes.
A procedure for calculating stream seepage for a given relation between f, and h in the floodplain is presented in this paper. Although realistic data on relations between f, and h are scarce and certainly not yet available for a wide spectrum of vegetation, soils, and climate [Rantz, 1968] , it is hoped that Uptake of groundwater by plant roots varies diurnally and seasonally. The uptake is also affected by rainfall and other weather conditions, by periods of plant dormancy, and by the the evapotranspiration rate of the plants as a whole will be zero at .that point, because roots may take up water from rain or water stored in the soil above the water table. For bare soil, evaporation also does not become zero when the water table drops to relatively large depth. Even then, water will continue to move upward in the soil, but part of the transport will be in the vapor phase [Jackson et al., 1973; Ripple et al., 1972] . When vapor transport occurs, the evaporation rates are quite small and can be taken as essentially zero.
Because roughness and total leaf area tend to increase with increasing plant height, and trees and shrubs generally have deeper roots than grasses and other low-growing plants, the potential evapotranspiration rate for deep-rooted vegetation is shown somewhat higher than that for shallow-rooted vegetation, which in turn is taken higher than that for bare soil. The salinity of the groundwater [t)an Hylckarna, 1970 Hylckarna, , 1975 . The fe-h relation can be expressed on a daily, weekly, monthly, flow and water levels in the stream are subject to variation, as are the bottom conditions in the channel because of changing scour and fill patterns. Water tables in the floodplain may be affected by sources and sinks other than seepage from the stream and evapotranspiration, respectively. Examples of potential sources are deep percolation from irrigation, upward flow from deeper artesian aquifers, and recharge along the sides of the floodplain. An example of a sink would be leakage into a lower aquifer. Soil and hydrogeological conditions are never uniform. Thus the flow system is very complex and must be simplified before it is amenable to theoretical analysis.
In this paper, stream seepage will be considered the only source, evapotranspiration the only sink, and the soil will be considered uniform with an impermeable layer as the lower boundary. The system will also be considered to be at steady state. The period for which a steady state can be assumed may range from a day to a year, depending on how conditions vary with time, on the accuracy desired, and on the available data. In developingf,-h relations for a specific case, results from evapotranspirimeter studies, measurements of depth and distribution of root systems, estimates of potential evapotranspiration rates, and similar data may be used [Rantz, 1968] . New developments in computer modeling of water uptake by root systems [Whisler et al., 1968] Table 1) Table 1.   t00 In this equation, oe is the distance from the channel where the water table depth has reached ha, and fe has become zero. The vertical distance between the water table and the impermeable layer at that point is Ha (Figure 2 ). Since the seepage Q per unit length of channel on one side of the channel is equal to feL, multiplying (9) by ff' yields
The inflow for the last increment (increment 10 in
The direct calculation of Q with (t0) is much simpler than the incremental procedure of (6) as exemplified in Table t . If the fe-h relation is not a step function, Q can still be directly calculated with (10) if the actual fe-h curve is replaced by an 'equivalent' step function. The height of this equivalent step function is equal to the potential evapotranspiration rate, which is fe at h = 0. The width of this equivalent step function is such that the area under the step function is the same as the area under the actualfe-h curve. Thus ha of the equivalent step function, referred to as ha' (Figure 3) , is calculated as = f L (11) where ffe dh is the area under actual fe-h curve, and 0Ce)h=0 is fe at h = 0, or potential evapotranspiration rate.
The validity of the equivalent step function approach is not readily proven mathematically but can be demonstrated by calculating Q with the incremental procedure of (6) and comparing it with Q calculated with the equivalent step function and (10). This was done for three widely different fe-h relations, namely, the sigmoid curve for salt cedar in Figure 3 and the hypothetical concave and convex curves in Figure 5 . The channel and geological conditions were the same as those used for the example in Table I 
